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Abstract 
Time-dependent density functional theory (TD-DFT) calculations are presented for a series 
of Prussian blue analogues (PBAs) based on hexacyanochromate in order to investigate 
optical metal-to-metal charge-transfer (MMCT) transitions. PBE0 hybrid DFT calculations at 
fixed geometry were carried out on binuclear units of (CN)5-MA-NC-CrIII-(CN)5, with MA = VII, 
VIII, and CrII. The MMCT transitions occurred at 743 nm for the VII-CrIII PBA and at 780 nm 
for the VIII-CrIII PBA. The ordering of the transition energy and strength for these analogues 
agreed with data available in the literature. The transition for the CrII-CrIII MMCT was found 
to occur at 284 nm. This study shows that TD-DFT is a powerful method to study optical 
properties of PBAs and that the results for the relatively simple binuclear cluster are 
comparable to solid PBAs, where MMCT transitions are typically the dominant feature in the 
visible part of the absorption spectrum.  
Keywords: Time-dependent density functional theory; Prussian blue analogues; charge-
transfer transitions; multifunctional materials; optical properties 
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1. Introduction 
Switching functional molecular materials to metastable states using external perturbations is 
of great interest for future electronics and information storage technologies. A promising 
class of materials for this purpose are Prussian blue and its analogues (PBAs), which are 
coordination polymers comprising transition metal ions linked by cyanide ligands in a rock-
salt structure [1]. The general formula is CcAa[B(CN)6]b·nH2O (C=alkali cation, A,B = 
transition metal ions). The PBAs typically display bright colours due to strong metal-to-metal 
charge-transfer (MMCT) transitions in the visible spectrum. The charge-transfer (CT) occurs 
between ions A and B, and can approximately be represented as 
MA
n −NC −MB
m
hν
→  MA
(n−1) − NC −MB
(m+1), 
where n and m are the corresponding formal oxidation states. In this example, the A ion is 
reduced as a result of CT from the B ion. The MMCT transition can be very important in 
controlling the physical properties of PBAs as a means of external optical stimulus. For 
example, MMCT can lead to meta-stable states that affect the magnetic properties, 
producing interesting photomagnetic effects  [2,3]. On the other hand, it is also possible to 
turn off the MMCT transition electrically making use of the electrochromic properties of some 
PBAs. For example, the bright blue colour of Prussian blue itself (containing FeIII-FeII) can be 
completely switched off by applying a small potential[4,5]. It is also possible to combine 
magnetic and electrochromic properties, as is the case for the V-Cr PBA [6–8]. These 
examples demonstrate one of the many fascinating aspect of PBAs, namely their 
multifunctional nature. With the capabilities of modern quantum chemistry[9–11], it is 
becoming possible to quickly screen the properties that control MMCT transitions in complex 
materials and molecules. Here, we present results of a TD-DFT computational study of the 
MMCT of a series of PBAs.    
Robin and Day have classified mixed-valence compounds into three types, where PBAs 
typically fall into Class II [12]. This means that the valence electrons are not fully localised on 
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the metal ion sites at elevated temperatures. In fact, the intensity of MMCT transitions can 
be shown to be proportional to the degree of delocalisation α between the metal ions A and 
B. The total wavefunction Ψ0 can be written as a superposition of the fully localised 
wavefunction Ψ0
′  and a wavefunction Ψ𝑙 where the optical electron is fully localised on the 
other metal ion [12], according to  
Ψ0 = √1 − 𝛼2Ψ0
′ + 𝛼Ψ𝑙 . 
For Prussian blue, the value of α is on the order of 1 %. It can be shown that the transition 
dipole moment is proportional to the delocalisation factor α [12,13], which in turn depends on 
the mixing and energy difference between the fully localised state and the transferred-
electron-state. This has been thoroughly described by several authors based on symmetry 
arguments [12–14]. However, with the emerging field of functional materials and the 
important role of MMCT in their optical properties, it is interesting to revisit the MMCT of 
PBAs using TD-DFT methods.   
There are several PBAs reported in the literature with the corresponding MMCT occurring at 
different spectral positions in the visible spectrum. For example, in electrochemically 
deposited thin films of (Fex
IICr1−x
II  )
1.5
[CrIII(CN6)] PBAs, where x ranges from 0 to 1, the 
colour of the films could be tuned by the stoichiometry producing films that were either 
colourless (x = 0), violet (x = 0.2), red (x = 0.4), or orange (x = 1) [15]. A more attractive 
system to investigate in a computational study, is the ternary Ka
IVx
II/III
Cr1−x
II  [CrIIICN6]b PBA 
[16] due to the relatively small number of electrons of the d3 ions Cr(III) and V(II), and the d2 
ion V(III). For the case when x = 1, the MMCT occurs either at 660 nm (CrIII - VIII) or 540 nm 
(CrIII - VII) [8,17,18] and provides an interesting case to study the MMCT as a function of 
vanadium oxidation state. In the case when x = 0, the MMCT has been assigned to occur at 
510 and 610 nm [15]. These transitions are not fully understood since the peaks that have 
been assigned as MMCT in the visible are rather weak and, furthermore, in another study 
the MMCT was assigned to occur in the UV at around 380 nm [19].  
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We recently carried out TD-DFT computations to support the assignment of the optical 
spectrum of the V-Cr PBA [20]. We used a simplified model of the PBA by carrying out 
quantum chemical calculations on a binuclear unit. In this model, both metal ions are 
surrounded by cyanide ligands, giving the formula (CN)5-MA-NC-CrIII-(CN)5 with MA = VII, VIII, 
and CrII. This approach worked surprisingly well considering its simplicity. In this paper, we 
have expanded the range of variable inputs in the calculations and studied the effects of 
initial geometry and spin state of the open-shell system. We found that the TD-DFT 
calculations could reproduce the relative energy and oscillator strengths of the MMCT of 
VII/III-CrIII PBA in good agreement with previously published experimental work. The larger 
oscillator strength for the MMCT of VII-CrIII vs VIII-CrIII was explained by the larger degree of 
delocalisation of the optically active orbitals in the VII-CrIII PBA. We found that the MMCT for 
CrII-CrIII occurred in the UV involving the HOMO-2 orbitals, which are more localised than the 
HOMO (which in turn is responsible for the magnetic properties). Interestingly, in CrII-CrIII 
PBAs, the delocalised HOMO gives rise to a relatively high magnetic ordering temperature 
(Tc ≈ 240 K[21–25]) whereas the more localised HOMO-2 gives rise to a weak oscillator 
strength for the MMCT.  
 
2. Method 
To study PBAs using “Gaussian-based” quantum chemical techniques we chose a single 
binuclear unit with, initially, a fixed geometry, comprising one V with five CN− ligands (with N 
pointing toward V), one Cr with five CN− ligands (with C pointing toward Cr) and one bridging 
CN− ligand (with N toward V and C toward V). This model has been adapted previously in 
DFT studies of the magnetic properties of a number of different PBAs[22–25]. This 
monomeric unit possesses C4v symmetry. The charge of the cluster is given by the sum of 
the oxidation states of the metal ions and the 11 negatively-charged cyanide ligands. The 
bond lengths chosen for the model monomeric unit are those as determined by Garde et al. 
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using x-ray absorption data [17]. The same bond length was also used for the CrII-CrIII 
calculations. The bonds N-C, C-Cr and N-V have lengths of 1.15, 2.06 and 2.12 Å, 
respectively. This corresponds to a V-Cr distance of 5.33 Å. For the V part of the monomeric 
unit, the C ends of the cyano ligands were uncapped. Figure 1 depicts the binuclear unit of 
V-Cr PBA used to perform the calculations. In addition, a ‘stretched’ geometry where the V-
Cr distance is 5.75 Å was considered by having the bridging bond lengths for V-N, N-C and 
C-Cr of 2.33, 1.15 and 2.27 Å, respectively. In the calculations for CrII-CrIII PBA, we chose 
CrII in the N site and CrIII in the carbon site. Experimentally, the oxidation states of the Cr-Cr 
PBA can be quite difficult to determine[19,26] and so whenever we refer to experimental 
data published in the literature we do not give the oxidation state.  
Gaussian 09 [18] was employed to perform TD-DFT calculations using the PBE0 hybrid 
exchange-correlation functional [19] with the 6-311G(d) basis set [20] for V and Cr ions, and 
the 6-31G(d) basis set [21,22] for C and N atoms. The unrestricted formalism was used for 
open shells and for closed-shell VII-CrIII. The unrestricted calculation on VII-CrIII employed the 
Gaussian 09 keyword "guess=alter" to change the initial guess wave function, where the 
following pairs of alpha-spin orbitals were switched: 96, 99; 97, 100; 98, 101. Out of 
curiosity, we also used the restricted formalism for closed electronic shells of the singlet spin 
VII-CrIII monomeric unit, since the total spin in this system cancel and leaves a singlet state. 
Of course, magnetic measurements[27] indicate that the spins are mainly localised on either 
Cr or V in an antiferromagnetic fashion and so the restricted approach, where all electrons 
are paired up in molecular orbitals, is probably not realistic. We use the conventional 
nomenclature in quantum chemistry and label the spin up/down projections as alpha and 
beta. We would like to point out that in the simplified binuclear cluster, the dxy orbital, which 
lies in the plane perpendicular to the internuclear axis, will have a different energy to the two 
d orbitals that lie on the axis (dxz and dyz). In the 3D extended network this artefact would not 
be observed.  
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3. Results and discussion 
One of the most striking results of all the calculations were the relatively few transitions 
observed and that these were quite “clean” one-electron transitions in specific molecular 
orbitals (MOs). The results for VII/III-CrIII, the stretched geometries of VII/III-CrIII, and CrII-CrIII 
PBAs are presented below separately and in Tables 1 to 4.   
3.1 VII/III-CrIII PBA 
Unrestricted VII-CrIII. In the unrestricted calculation on the VII-CrIII binuclear unit, the Cr 
valence electrons are in the alpha channel with energies of 9.7 eV in MOs 93a and 94a 
corresponding to dxz and dyz MOs. Both these MOs are partially delocalised over the CN 
bridging ligand, as expected. MO 91a, corresponding to the dxy orbital, has one electron with 
an energy of 9.6 eV but is not delocalised over the bridging ligand (because it lies in the xy 
plane). The slightly lower energy of the dxy orbital is an artefact due to the binuclear model, 
as discussed in the methods section. There are ligand orbitals (MOs 95a−98a) at 9.9 – 
10.2 eV, close in energy to the Cr MOs, in agreement with density-of-state calculations on 
the extended V-Cr PBA[28]. The HOMO is in the beta channel and corresponds to V dxz and 
dyz orbitals (MOs 97b and 98b), which occur at 13.5 eV. The dxy MO has an energy of 
13.4 eV (MO 96b). In the beta channel there are also ligand orbitals at 10.2 eV (lower in 
energy than the d-orbitals). These coincide with the ligand orbitals in the alpha channel. The 
energy difference between the d orbitals on Cr and V is 3.8 eV, which is also in reasonable 
agreement with the aforementioned density-of-state calculations on the extended V-Cr PBA 
[28] and recent ultraviolet photoelectron spectra on thin films (to be published). Furthermore, 
the calculations correctly predict opposite spin polarisations on the Cr and V ions. This spin 
polarisation arises due to the superexchange interaction, which in turn comes from the 
energy balance between the energy gain of aligning the spins in a ferromagnetic (FM) 
interaction (and thus reducing electron-electron repulsion) vs. delocalising and thereby 
lowering of the kinetic energy of the MO. By forming a delocalised MO, two electrons will be 
placed in the same MO and therefore align their spins antiferromagnetically (AFM). Because 
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of the bridging ligand, the FM interaction is weak and the kinetic term usually leads to the 
AFM ordering typically associated with the superexchange interaction. 
In the calculated optical spectrum of VII-CrIII using the unrestricted formalism, MMCT and 
various ligand-to-metal charge-transfer (LMCT) and metal-to-ligand charge-transfer (MLCT) 
transitions were observed. Table 1 shows the predicted electronic transitions, in the 
wavelength range 400 to 800 nm, of the model binuclear unit with a V-Cr distance of 5.33 Å. 
In the visible/near-IR region of the spectrum there is only one transition, which is a MMCT 
from Cr to V at 743 nm. This transition involves the CT of a spin-down electron from V to Cr, 
involving transitions from MOs 97b to 100b and from 98b to 99b. These are the transitions 
between dxz and dyz MOs. The oscillator strength for these transitions is f = 0.16. There are 
LMCT transitions at around 258 nm but with small oscillator strengths from 0.0001 to 0.0030. 
We also observe an MLCT at 287 nm but with negligible oscillator strength (f = 0.0001). We 
also observe transitions at 294 nm corresponding to V to Cr ns Rydberg states. Again, these 
transitions have small oscillator strengths (f = 0.0001).  
Restricted VII-CrIII. We also carried out restricted calculations on the VII-CrIII since there is an 
even number of electrons and the total spin of the system is zero due to the AFM nature of 
the superexchange interaction. The restricted formalism forces the electrons to pair up AFM 
in the MOs because of the Pauli exclusion principle. Since the optical properties might not 
necessarily be affected by the spin configuration at high temperatures[29], we were 
interested in investigating whether the restricted calculations would more accurately 
reproduce the transition energy of the MMCT. In the results of these calculations, the MOs 
were mixed between d-orbitals on both ions.  In the restricted calculations, the HOMO is 
even more delocalised between the two metal centres, although the main electron density is 
still on the V, which has a fractional occupation of 0.52 from an orbital-by-orbital analysis 
(see Table 2), with the fraction 0.27 on the Cr ion. The energy of the HOMO was 13.3 eV 
and is thus close to the energy of the Cr ion in the unrestricted calculation. The total energy 
of the system was ca. 5.6 eV above the unrestricted calculation. This is certainly much 
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higher than the thermal energy available at room-temperature. Not surprisingly, there is a 
large difference in energy between two paramagnetic centres and the complete electron-
paring in the restricted formalism. The TD-DFT results were otherwise in good agreement 
with the optical spectra, where the calculated value of the MMCT at 572 nm is close to the 
experimental value of 540 nm[17,18]. The transition itself is of mixed character, involving a 
transition from Cr dt2g to V dt2g and V dt2g to Cr dt2g orbitals. Further analysis of this transition 
suggests that this is dominated by a V dt2g to Cr dt2g transition. Table 2 displays 
characteristics of the molecular orbitals involved in the transitions for the VIII-CrIII and VII-CrIII 
ground states of the model monomeric unit with a V-Cr distance of 5.33 Å. The orbital-by-
orbital analysis gives the atomic contributions to the molecular orbitals. For VII/CrIII the 
transition to the 1E state at 572 nm is a combination of two configurations (Tables 1 and 2): 
MO 97 to 99 and MO 98 to 100. Degenerate occupied MOs 97 and 98 have identical 
character and the orbital-by-orbital analysis indicates that they are localised more on the VII 
ion. Analogously, the degenerate unoccupied MOs 99 and 100 have identical character and 
the orbital-by-orbital analysis indicates that they are localised more on the CrIII ion. The 
calculations therefore indicate that this transition is dominated by the MMCT from V dt2g to Cr 
dt2g, similarly to the unrestricted calculations.  
Unrestricted VIII-CrIII. For the unrestricted calculations on VIII-CrIII, the valence electron 
configuration was not as expected. Here two spin down electrons and one spin up electron 
were found on the Cr ions. The electron configuration was: (dxz)1, (dyz)2, and (dxy)0. Clearly 
the calculations struggle for this open system. On the other hand, two spin up electrons were 
found on V, with the predicted oxidation state and spin configuration. The electron 
configuration on V was (dxz)1, (dxy)1. The electronic configuration on Cr might be an artefact 
of the bi-nuclear model since in the solid state there would be neighbouring MOs with 
matching symmetry.  
In the TD-DFT results for VIII/CrIII, two states accessible in the 400 to 800 nm region were 
observed; a Cr dt2g to V dt2g transition at 779 nm and a CN− / to Cr dt2g transition at 401 
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nm. Both of the excited states of the VIII-CrIII ground state are spin-contaminated triplets (the 
value of S2 for a pure triplet is 2.00). Analysis of the two VIII/CrIII transitions at 779 and 401 
nm reveals that the excited states are both comprised of one configuration, as indicated by 
the Configuration Interaction (CI) Singles weights, where the CI weights are greater than 
0.9 for both transitions (Table 1). These one-electron transitions arise from the MMCT from 
Cr dt2g to V dt2g (involving the HOMO and LUMO alpha spin MOs) and LMCT from ligand / 
to Cr dt2g (involving occupied beta-spin MO 92b to the LUMO beta spin MO).   
Discussion of results for VII-CrIII and VIII-CrIII. The calculated oscillator strengths for the 
MMCT transitions for the two vanadium oxidation states are quite different. From Table 1 it 
can be seen that the oscillator strength for the MMCT of V(II) is f = 0.16 and f = 0.80 for the 
unrestricted and restricted calculations, respectively. This is 4 and 20 times larger than the 
MMCT for V(III). It is interesting to notice that the molar extinction coefficients for VII-CrIII and 
VIII-CrIII have both been measured by Garde et al. [17] in suspension of V-Cr PBA particles 
and their observations are in agreement with the calculations presented here. In fact, Garde 
et al. report that “the molar absorption coefficients ε of the V(II)/chromicyanide solution are 
much higher (by a factor 15) than that of the V(III)/chromicyanide solution”. This ratio is in 
very good agreement with our findings. The larger oscillator strength is most likely due to the 
much larger delocalisation of the VII-CrIII system compared to the VIII-CrIII. In particularly this 
is true for the excited state (see figure in Table 2). The restricted formalism, with its large 
delocalisation, naturally gives much larger oscillator strengths. The larger delocalisation is 
observed for both the restricted and unrestricted formalisms and can in turn be described by 
the relative energies of the V ions and the ligand orbitals[25]. The lower energy of the Cr(III) 
ions means that this ion interacts with occupied ligand orbitals and forms a molecular orbital 
with these (σ-donation). Therefore, the Cr ions accept electron density from the ligands. The 
V(II) ions’ orbitals are much further up in energy and so interact with the empty ligand 
orbitals. They therefore donate density into the ligands (π-backbonding). One can see how 
this leads to delocalisation, whereas for the V(III) case, which is closer to the occupied ligand 
10 
 
orbitals, there will be a competition for electron density from the ligand between the Cr(III) 
and V(III) ions. The increase in oxidation state with the decrease of π-backbonding was 
recently observed directly in resonant inelastic X-ray scattering (RIXS) experiments[30]. The 
destabilisation of the CN− ligand upon π-backbonding is generally manifested in the 
decrease in IR frequency of the asymmetric cyanide stretch mode [31]. This trend was also 
observed in the VII/III-CrIII PBA[27]. There is therefore a balance where V(II) donates electrons 
to the ligands and Cr(III) accepts them. Our calculations capture this degree of 
delocalisation, which has also been described for the magnetic properties. We have 
therefore shown that the photophysics can also be described based on an analysis of the 
delocalisation from the TD-DFT calculations.  
 
3.2 Stretched V-Cr PBA 
In order to computationally investigate the dependence of the MMCT transition on the bond 
length, we carried out calculations using an artificially longer internuclear distance. For this 
‘stretched’ geometry (V-Cr distance of 5.75 Å), in the restricted calculation for the VII/CrIII 
oxidation state, the Cr dt2g to V dt2g and V dt2g to Cr dt2g transition is red-shifted from 572 nm 
to 1060 nm. The oscillator strength has been reduced from 0.783 to 0.219 for the stretched 
geometry. Tables 3 and 4 display, respectively, the transition energies and the molecular 
orbital characteristics. The stretched geometry, with its significantly lower degree of 
delocalisation, does show that the energy of the MMCT is significantly decreased, however, 
the direction of the CT is reversed (refer to the transition dipole moments for the 1E states in 
Tables 1 and 3). For the stretched geometry, this transition is dominated by CT from Cr to V 
(Tables 3 and 4). For the VIII-CrIII the stretched geometry produced no MMCT (or any other 
transition) in the visible region of the spectrum. The first transition with f>0.01 occurred at 
278 nm (f = 0.02) and was a LMCT to V.   
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3.3 CrII-CrIII PBA 
Upon exchanging VII to CrII in the PBA model binuclear unit, i.e. CrII-CrIII PBA with a Cr-Cr 
distance of 5.33 Å, TD-DFT predicts two MMCT transitions at 284 and 266 nm (Table 1).  
The two Cr ions are labelled as Cr14, which is surrounded by the nitrogen end of the cyano 
ligand, and Cr3, which is bound to the carbon end of the ligand. The oxidation states of the 
two Cr ions, i.e. which is CrII and which is CrIII, is difficult to assign. An orbital-by-orbital 
analysis yields the following: Cr3 has two alpha electrons in the dyz and dxy orbitals (MOs 97a 
and 98a) and one beta electron in the dxz orbital (MO 98b). Cr14 has one alpha electron in 
the dxy orbital (MO 96a) and two beta electrons in the dyz and dxz orbitals (MOs 96b and 97b). 
The HOMO (MO 99a) is in the alpha channel with an energy of 13.8 eV. It is delocalised in 
dxz-type atomic orbitals on both Cr ions as Cr14 (0.41) and Cr3 (0.34), where atomic 
contributions are in parentheses. The larger atomic contribution on Cr14 is therefore 
consistent with the general assumption that Cr in the N-pocket is typically CrII. The predicted 
oscillator strength for the MMCT transition at 284 nm is two orders of magnitude greater than 
for the MMCT transition at 266 nm (Table 1). This may be due to the fact that the virtual 
orbital (MO 101b) for the latter, weaker transition is less localised than the virtual orbital (MO 
101a) involved in the former, more intense transition (Table 2). However, the oscillator 
strength of the stronger transition is still rather weak and is comparable to the MMCT in 
VIII/CrIII PBA. Furthermore, the similarity extends further because, as predicted for the VIII/CrIII 
PBA, the two MMCT transitions for CrII/CrIII are dominated by one configuration in forming 
the excited states. However, the degree of delocalisation is larger for the CrII-CrIII PBA than 
for the VIII-CrIII PBA. This not surprising since the magnetic transition temperature for Cr-Cr is 
typically rather high, first reported to be Tc ≈ 240 K[21]. The rather large delocalisation of the 
HOMO is in agreement with the relatively high Tc, which has been observed previously in 
several computational studies. However, since the MMCT is from the more localised HOMO-
2 the corresponding oscillator strength is weaker than that expected from the delocalisation 
of the HOMO. This shows that the oscillator strength of the MMCT is not necessarily directly 
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related to the Tc and our TD-DFT calculations output a reasonable MMCT oscillator strength. 
We note that the predicted spectral positions of the MMCT transitions are in agreement with 
the assignment made by Coronado et al. [19].  
In addition to the MMCT transitions, we also observe LMCT transitions (with oscillator 
strengths) at 304 (0.0004), 294 (0.0064), 275 (0.0025), 272 (0.0026) and 260 nm (0.0011 
au), and MLCT transitions at 294 (0.0228), 272 (0.0175) and 266 nm (0.0087 au). 
Interestingly, we also observe Cr dt2g to Cr s-type orbital Rydberg transitions in the UV region 
at 301 (0.0002) and 260 nm (0.003 au).  
4. Conclusion 
We have carried out TD-DFT calculations on a series of binuclear hexacyanochromate 
PBAs. The results show that the TD-DFT calculations can correctly place the relative 
energies of MMCT transitions for VII/III-CrIII PBAs in agreement with experiments (calc. values 
for VII-CrIII at 572 and 743 nm for the restricted and unrestricted formalisms, respectively; 
and 779 nm for VIII-CrIII). The calculations also give the relative transition strength in 
agreement with experiments, and we found f = 0.16 for V(II) and f = 0.038 for V(III). The 
calculations also predicted that the MMCT of CrIICrIII occurs in the UV at 284 nm. The 
corresponding oscillator strength for this transition was weak due to the localised nature of 
“optical” orbitals. However, the HOMO had a larger degree of delocalistion. We find that the 
unrestricted calculations work best if there are equal numbers of electrons on either sites, as 
for VII-CrIII.  
Our findings show that TD-DFT calculations are useful for understanding and predicting 
optical properties of Prussian blue analogues. With a huge range of potential applications of 
the PBAs in multifunctional materials, including magnetic, piezoelectric, batteries, and 
electrochromic devices, a computational approach to screen the optical properties is highly 
desirable.  
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Figures and tables 
 
Figure 1. The model binuclear unit of V-Cr PBA used to perform the calculations. Bond 
lengths in Ångstroms. 
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State 
symmetry 
E 
(eV) 
E 
(nm) 
f (au) S2 TDM 
(au) 
Molecular 
orbitals (with 
CI 
coefficient)a,b 
Transition 
VII-CrIII unrestricted calculation (E = −3007.210893 hartrees, Q = −6 au, S = 1.3023, S2 
= 2.9983) 
3E 1.67 743 
(550) 
0.1597 2.260 0.0 0.0 
−1.9758 
97b to 100b 
(0.70651); 
98b to 99b 
(0.70651) 
V dt2g to Cr 
dt2g 
VII-CrIII restricted calculation (E = −3007.004408 hartrees, Q = −6 au, S = 0.0, S2 = 0.0) 
1E 2.17 572 
(550) 
0.7830 0.0 0.0 0.0 
−3.8390 
97 to 99 
(0.66498); 
98 to 100 
(0.66498) 
V/Cr dt2g to 
Cr/V dt2g  
VIII-CrIII (E = −3007.578133 hartrees, Q = −5 au, S = 0.9218, S2 = 1.7714) 
3A 1.59 779 
(650) 
0.0378 2.864 0.0 0.0 
0.9704 
98a to 99a 
(0.99464) 
Cr dt2g to V 
dt2g 
3A 3.09 401 0.0033 3.241 −0.2091 
0.0 0.0 
92b to 98b 
(0.93215) 
CN− / to 
Cr dt2g 
CrII-CrIII (E = −3107.558507 hartrees, Q = −6 au, S = 1.2421, S2 = 2.7851) 
3A 4.36 284 
(510, 
610, 
380)  
0.0193 2.020 0.0 0.0 
−0.4246 
97a to 101a 
(0.97703) 
Cr3 dt2g to 
Cr14 dt2g 
3A 4.65 266 0.0003 2.534 0.0 
0.0544 
97b to 101b 
(0.97873) 
Cr14 dt2g 
to Cr3 dt2g 
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0.0 
a For CI coefficients with weights greater than 0.5. b a denotes alpha spin and b beta spin. C 
The unrestricted ground state has S = 1.30 and S2 = 3.00 indicating that it is spin 
contaminated to a triplet state.  
Table 1. TD-DFT predicted UV/Vis electronic transitions for the VIII-CrIII and VII-CrIII oxidation 
states of the V-Cr PBA monomeric unit with a V-Cr distance of 5.33 Å. VIII-CrIII is identified as 
2B1 and VII-CrIII as 1A1. Results for the CrII-CrIII 2B1 state of Cr-Cr PBA are also shown. 
Excited states of undetermined spatial symmetry are labelled as A (i.e. C1 symmetry). Where 
available, experimental values from the literature are also shown in parenthesis. The value 
for VII/CrIII and VIII/CrIII are from ref. [17,18] and for Cr-Cr from ref. [15,19]. 
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Molecular 
orbitala 
Energy 
(Hartrees) 
Orbital-by-
orbital 
analysisb 
Contour plot of molecular orbitalc 
VII-CrIII unrestricted calculation 
97b 
(HOMO−1) 
0.495 V14 dt2g 
(0.81) 
 
98b (HOMO) 0.495 V14 dt2g 
(0.81) 
 
99b (LUMO) 0.574 Cr3 dt2g 
(0.50) 
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100b 
(LUMO+1) 
0.574 Cr3 dt2g 
(0.50) 
 
    
VII-CrIII restricted calculation 
97 (HOMO−1) 0.490 V14 dt2g 
(0.52), Cr3 
dt2g (0.27) 
 
98 (HOMO) 0.490 V14 dt2g 
(0.52), Cr3 
dt2g (0.27) 
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99 (LUMO) 0.532 Cr3 dt2g 
(0.48), V14 
dt2g (0.31) 
 
100 
(LUMO+1) 
0.532 Cr3 dt2g 
(0.48), V14 
dt2g (0.31) 
 
    
VIII-CrIII 
92b (beta 
HOMO−6) 
0.222 C8 p (0.12), 
C4 p (0.12) 
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98a (alpha 
HOMO) 
0.319 Cr3 dt2g 
(0.78) 
 
98b (beta 
LUMO) 
0.396 Cr3 dt2g 
(0.77) 
 
99a (alpha 
LUMO) 
0.405 V14 dt2g 
(0.83) 
 
    
CrII-CrIII 
23 
 
97a (alpha 
HOMO−2) 
0.411 Cr3 dt2g 
(0.79) 
 
97b (beta 
HOMO−1) 
0.408 Cr14 dt2g 
(0.82) 
 
101a (alpha 
LUMO+1) 
0.599 Cr14 dt2g 
(0.72) 
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101b (beta 
LUMO+2) 
0.605 Cr3 dt2g 
(0.53) 
 
    
a a denotes alpha spin and b beta spin. b atom, orbital type and fractional atomic contribution 
in parentheses. c the Cr ion is on the left of the plot. For VIII-CrIII the alpha HOMO is MO 98a 
and the beta HOMO is MO 97b. For VII-CrIII the HOMO is MO 98. For CrII-CrIII the alpha 
HOMO is MO 99a and the beta HOMO is MO 98b. The d-type atomic orbitals were assigned 
as dt2g by visual inspection. 
Table 2. Characteristics of the molecular orbitals involved in the transitions in the model 
monomeric units of the V-Cr and Cr-Cr PBAs with inter ion distances of 5.33 Å. 
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State 
symmetry 
E 
(eV) 
E 
(nm) 
f (au) <S2> TDM 
(au) 
Molecular 
orbitals (with 
CI 
coefficient)a,b 
Transition 
VIII-CrIII (E = −3007.623971 hartrees, Q = −5 au, S = 1.2381, S2 = 2.7711) 
4A 4.46 278 0.0199 3.989 0.4261 
0.0 0.0 
71a to 99a 
(0.88826) 
CN− pi to 
V dt2g 
VII-CrIII restricted calculation (E = −3007.033566 hartrees, Q = −6 au, S = 0.0, S2 = 
0.0) 
1E 1.17 1060 0.2189 0.0 0.0 0.0 
2.7644 
97 to 100 
(0.57007); 98 
to 99 
(0.57007) 
Cr dt2g to V 
dt2g 
        
   a For CI coefficients with weights greater than 0.5. b a denotes alpha spin and b beta spin. 
Table 3. TD-DFT predicted UV/Vis electronic transitions for the VIII-CrIII and VII-CrIII oxidation 
states of the V-Cr PBA monomeric unit with a 'stretched' V-Cr distance of 5.75 Å. VIII-CrIII is 
identified as 2B1 and VII-CrIII as 1A1. Excited states of undetermined spatial symmetry are 
labelled as A (i.e. C1 symmetry). 
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Molecular 
orbitala 
Energy 
(Hartrees) 
Orbital-by-
orbital 
analysisb 
Contour plot of molecular orbitalc 
VIII-CrIII 
71a (alpha 
HOMO−27) 
0.172 N21 p (0.18), 
N17 p (0.18) 
 
99a (alpha 
LUMO) 
0.387 V14 dt2g 
(0.85) 
 
    
VII-CrIII 
27 
 
97 (HOMO−1) 0.484 Cr3 dt2g 
(0.74) 
 
98 (HOMO) 0.484 Cr3 dt2g 
(0.74) 
 
99 (LUMO) 0.521 V14 dt2g 
(0.78) 
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100 
(LUMO+1) 
0.521 V14 dt2g 
(0.78) 
 
    
a a denotes alpha spin and b beta spin. b atom, orbital type and fractional atomic contribution 
in parentheses. c the Cr ion is on the left of the plot. For VIII-CrIII the alpha HOMO is MO 98a 
and the beta HOMO is MO 97b. For VII-CrIII the HOMO is MO 98. The d-type atomic orbitals 
were assigned as dt2g by visual inspection. 
Table 4. Characteristics of the molecular orbitals involved in the transitions in the model 
monomeric unit of the V-Cr PBA with an inter ion distance of 5.75 Å. 
